This paper presents a two-level approach for the maintenance management of aging highway bridges that integrates two different probabilistic deterioration prediction models. The level-1 management is based on Markovian cumulative damage models that predict the macro-response of bridge structures. The level-2 management is based on quantitative reliability-based mechanistic deterioration models that predict the micro-response of bridge structures. The level 1-management identifies the critically damaged structures and forecasts the overall deterioration and required maintenance funds for both short and long term planning for a bridge network or a bridge component. The level-2 management focuses on the critical structures that were identified from the level-1 management or from a specific condition assessment to evaluate their safety and serviceability, and optimize their maintenance. The proposed two-level approach to bridge maintenance management, which integrates two different probabilistic deterioration models, will help improve the effectiveness of maintenance management systems in satisfying the safety, serviceability, and budgetary requirements of highway agencies.
Introduction
The effective maintenance management of existing bridge structures depends primarily on the quality or accuracy of the deterioration models used to predict their time-dependent performance and service life. In the past, highway agencies have often relied upon simple heuristic deterioration models that tend to be linear and deterministic curves. Recent bridge management systems have adopted deterioration models based on Markov chains for network level and / or project level analyses. This represents a major step forward as the stochastic nature of the deterioration process is recognized. The deterioration of bridge components or networks is modeled using a stationary Markov chain in which the cumulative damage after a stress cycle is assumed to depend only on the length of the stress cycle and the initial condition of the component or network (Golabi et al. 1993; Hawk 1999) . More realistic models that are not necessarily stationary and account for other explanatory variables have also been proposed (Madanat et al. 1997) . The Markovian models are simple to use and the statistics of the state of damage and service life at any given time are easily determined (Bogdanoff 1978; Lounis 2000) .
Although the proposed Markovian models are practical and relatively easy to develop, they have some shortcomings, especially at the detailed project level and are not adequate for safety-critical structures. The most important limitation is the use of qualitative performance indicators (condition ratings) that are mainly based on visual inspections and not explicitly related to quantitative physical parameters such as material properties, stress conditions, structural behavior, etc.
To overcome these limitations, reliability-based mechanistic deterioration models that are based on quantitative indicators of performance that take into account the above parameters are proposed for the project-level analysis, especially for safetycritical structures. However, such models also have limitations, as they cannot be used to analyze every bridge structure of a highway bridge network. These networks may consist of hundreds or thousands of bridge components that have several failure modes and different consequences of failure.
The objective of this paper is to propose a two-level bridge management approach, which is based on the integration of the above probabilistic models and takes advantage of their strengths and overcomes their shortcomings. The proposed approach combines the desired practicality of Markovian models and the accuracy of mechanistic models to improve the effectiveness of bridge maintenance management systems.
Prediction of Bridge Deterioration -An Imperative for Probabilistic Modeling
The prediction of the safety and serviceability of existing structures and the assessment of their maintenance needs is a very complex problem. This is due to the multitude of causes of deterioration and failure mechanisms and their interaction, which are very hard to quantify. For bridge structures, the main causes of failure may include aggressive environments; overstress due to heavy traffic load; accidental impacts; inadequate design, protection, and construction; aging; and insufficient inspection and maintenance. Both the external effects, and the material and structural parameters are time-dependent and random in nature, with considerable levels of uncertainty. As a result the response of the structure is also random with large fluctuations from the mean value identified by high coefficients of variation or low signal-to-noise ratios. Examples of damage mechanisms leading to high levels of uncertainty in the structural response include fatigue, corrosion, creep, overstress due to mechanical loads, etc. (Freudenthal 1972; Bogdanoff 1978; Melchers 1987; Mori and Ellingwood 1993; Frangopol et al 1997; Lounis and Mirza 2001) . This requires the use of stochastic deterioration models to predict the structural response. The sources of uncertainty can be identified as: physical uncertainty; statistical uncertainty; model uncertainty; and decision uncertainty.
The physical or inherent uncertainty is that identified with the inherent random nature of a basic variable such as: (i) variability of the structure geometry (e.g. concrete cover thickness, member depth, etc.); (ii) variability of the material properties (strength, diffusivity, etc.); (iii) variability of the micro-environment (e.g. surface chloride concentration on the deck); (iv) variability of the applied loads (e.g. traffic load and superimposed load); and (v) variability of the condition rating.
The statistical uncertainty arises from modeling the parameters and / or performance indicators using simplified stochastic processes or random variables by using lower order of stochastic correlation of stochastic processes or assuming independence of random variables. This uncertainty arises also from the use of a limited sample size to estimate the statistical parameters that describe the probabilistic model of the governing parameters and performance indicators.
The model uncertainty results from the use of simplified physical models to describe the damage initiation or damage growth mechanisms, such as corrosion, cracking, spalling, collapse, etc. An example of such uncertainty arises in the modeling of the deterioration of concrete structure subjected to chloride attack from deicing salts (Lounis and Mirza 2001) . This modeling uncertainty includes: (i) use of a simplified diffusion law to model the chloride transport mechanism; (ii) use of simplified chloride threshold level to define the corrosion resistance of concrete structures; and (iii) use of a simplified resistance degradation model in the propagation stage to assess the safety and serviceability of the structure.
The decision uncertainty is that associated with the definition of the acceptable level of damage or limit state or acceptable probability of failure for both serviceability and ultimate limit states. This is quite a complex problem due to its dependence on the risk of loss of life and injury, cost of repair and replacement, redundancy of the structure, and failure mode considered.
Therefore, given the considerable uncertainty that affects the material, structure, environment, and loading, and the resulting structural response, probabilistic modeling of bridge deterioration is an imperative to achieve reliable predictions. A brief description of the two probabilistic prediction models considered in this paper is given in the next section.
Probabilistic modeling of complex failure mechanisms of bridge structures has much to offer with regard to practicality and reliability as compared with attempts at formulating purely deterministic models (Freudenthal 1972; Ditlevsen 1984; Melchers 1987; Mori and Ellingwood 1993; Frangopol et al 1997; Lounis and Mirza 2001) . Ditlevsen (1984) states: "Probabilistic models are almost always superior to deterministic models of equal level of complexity in the sense that the former have considerable higher threshold of realism when dealing with phenomena taking place in uncertain environments".
Overview of Proposed Probabilistic Deterioration Models
Prediction of macro-response using Markovian cumulative damage models These models predict the macro-response of the structure or network in terms of a qualitative global indicator of performance or damage (e.g., condition rating) using either a stationary or non-stationary transition probability matrix. The components of this matrix are the probabilities of remaining in the same condition or deteriorating by one or more rating in a given time period. These models are proposed for the preliminary stage or level-1 of maintenance management to provide estimates of the overall deterioration of the bridge network or a bridge component and to forecast the short and long term budgetary needs for maintenance.
Two types of models have been used for infrastructure facility deterioration prediction: state-based models and time-based models. State-based models predict the probability that a facility will undergo a change in condition-state at a given time, conditional on an array of explanatory variables such as traffic loading, environmental factors, design attributes and maintenance history. Typical examples of a state-based model are the Markov and semi-Markov processes. Researchers have refined the simple Markovian transition probabilities that have been used in infrastructure management, by accounting for the effects of age (time heterogeneity) and deterioration history, thus eliminating the Markovian assumption (or equivalently, imposing it on an augmented state which includes the history of the process). At the same time, more rigorous econometric methods such as Poisson regression and Probit regression have been used to estimate the parameters of these models and to compute the transition probabilities (Madanat and WanIbrahim 1995; Madanat et al. 1997 ).
Time-based models predict the probability distribution of the time taken by an infrastructure facility to change its condition-state, conditional on an array of explanatory variables such as traffic loading, environmental factors, design attributes and maintenance history. An example of the use of these models in bridge deck deterioration modeling is given in Mauch and Madanat (2001) .
It is important to observe that while the two modeling approaches are based on different econometric techniques, they have a number of similarities. In particular, it is possible to use one modeling approach to predict the dependent variable of the other. For example, given a set of condition-state transition probabilities, one can derive the probability distribution of the time to condition-state change. Similarly, given a distribution of time-in-state, it is possible to compute time-dependent transition probabilities. The relationship between the two probabilistic models is similar to the relationship between the Poisson process and the exponential distribution. The state-based model gives the probability of n events (transitions in condition-state) in a fixed time period, while the time-based model gives the probability density of the inter-event times (time between transitions in conditionstate).
Prediction of micro-response using reliability-based mechanistic deterioration models
These models predict the micro-response of the structure to the action of applied loads and in-service environment. These micro-responses include onset of damage (e.g. onset of corrosion and cracking), damage growth and its impact on the safety and serviceability of the structure. These models are proposed for the level-2 maintenance management that includes the final project level analysis and the analysis of safetycritical structures. At this level, the response of structures is related to quantitative physical parameters and described by quantitative performance indicators such as resistance, stress, deflection, etc.
The deterioration and failure of bridge structures is a complex process that varies with the applied loading, in-service environment, initial design and construction, structural system behavior, material, and application of systematic inspection and maintenance procedures. The failure mechanisms of bridge structures may be divided into three broad categories: (i) overstress failures such as those due to total or partial collapse (brittle or ductile mode), yielding, buckling, cracking, large deformations; (ii) wear-out failures such as those due to material wear, fatigue, corrosion; and (iii) combination of overstress and wear-out failures. These failure mechanisms affect differently the safety, serviceability and functionality of the bridge structure or the entire bridge system depending on the type of material behavior, bridge system, and its redundancy.
Several researchers have developed reliability-based mechanistic deterioration models for deteriorating structures that are subject to the action of aggressive environment and to the combined action of the environment and mechanical loads. In North America, the deterioration of concrete bridge structures due to corrosion from deicing salts is of great concern to bridge owners. It is estimated that one-third to one-half of the projected bridge rehabilitation costs in the U.S. are related to bridge deck deterioration (Cady and Weyers 1983) . The corrosion of the reinforcement leads to delamination and spalling of the concrete surface, reduction of concrete and reinforcement cross sectional areas, loss of bond between the reinforcement and concrete, reduction in strength (flexural, shear, etc.), and ductility. This corrosioninduced damage of concrete structures is compounded by other effects such as overloading, poor initial design and construction and inadequate inspection and maintenance. As a result, the safety and serviceability of concrete decks are reduced, and their useful service lives shortened.
Several reliability-based models have been used to predict the deterioration of concrete structures subjected to aggressive environment and mechanical loads. These include the first-order and advanced first order reliability method; second order method; Monte-Carlo simulation; and more sophisticated time-dependent reliability analysis methods that model both the load and resistance as stochastic processes (Freudenthal 1972; Mori and Ellingwood 1993; Melchers 1987; Frangopol et al. 1997; Lounis et al. 1998; Lounis and Mirza 2001) .
Integration of Markovian and Mechanistic Models into a Two-Level Approach to Bridge Maintenance Management
The main problem with existing bridge management systems is the reliance on statistical deterioration models only, which predict the macro-response of structures, specifically identified by their condition ratings. Such an approach can become quite inappropriate for critical structures with severe consequences of failure and advanced levels of deterioration. On the other hand, the use of detailed mechanistic models for every structure of a network of bridges that consists of hundreds or thousands of structures can become unmanageable, in addition to being costly.
To overcome these shortcomings and address the need of bridge managers for decision support tools that are both practical and reliable, the two proposed probabilistic deterioration models need to be integrated and used at different stages and for different purposes in the management process. Thus, the maintenance management of aging bridges can be formulated as a two-level decision process as follows:
Level-1 bridge management
It uses Markovian cumulative damage models to forecast the overall deterioration and required maintenance funds for both short and long term planning of a network or a bridge component. This first level identifies the structures that are in need of maintenance and rehabilitation.
Level-2 bridge management
It uses reliability-based mechanistic deterioration models for the analysis of critical structures, which are identified from: (i) above first level of management analysis; and / or (ii) specific condition assessment of a damaged critical structure (e.g. collision damage, earthquake, etc.). The analysis at this level provides quantitative estimates of the safety and serviceability of structures and provides refined selection of the most cost-effective maintenance strategies for the deteriorated structures.
Conclusions
This paper makes the case for formulating the bridge maintenance problem as a twolevel decision process that improves the effectiveness of bridge maintenance management systems in meeting the safety, serviceability and budgetary requirements of highway agencies. The level-1 management is based on Markovian cumulative damage models that predict the macro-response of bridge structures (condition rating). The level-2 management is based on quantitative reliability-based mechanistic deterioration models that predict the micro-response of bridge structures (load effect, resistance, crack, deflection, etc.) The level-1 management identifies the critically damaged structures and forecasts the overall deterioration and required maintenance funds for both short and long term planning for a network or a bridge component. The level-2 management focuses on the critical structures (in terms of damage and consequences of failure) that were identified from the level-management or from a specific condition assessment to evaluate their safety and serviceability. At this level, maintenance decisions are optimized and can include rehabilitation, posting or possibly closure of some structures that are identified as unsafe, depending on the budgetary constraints.
